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In layered transition metal dichalcogenides (LTMDCs) that display both charge 
density waves (CDWs) and superconductivity, the superconducting state generally 
emerges directly on suppression of the CDW state. Here, however, we report a 
different observation for pressurized TaTe2, a non-superconducting CDW-bearing 
LTMDC at ambient pressure. We find that a superconducting state does not occur in 
TaTe2 after the full suppression of its CDW state, which we observe at about 3 GPa, 
but, rather, a non-superconducting semimetal state is observed. At a higher pressure, 
~21 GPa, where both the semimetal state and the corresponding positive 
magnetoresistance effect are destroyed, superconductivity finally emerges and 
remains present up to ~50 GPa, the high pressure limit of our measurements. Our 
pressure-temperature phase diagram for TaTe2 demonstrates that the CDW and the 
superconducting phases in TaTe2 do not directly transform one to the other, but rather 
are separated by a semimetal state, - the first experimental case where the CDW and 
superconducting states are separated by an intermediate phase in LTMDC systems.    
 
 
Charge density waves (CDWs) are a periodic modulation of the electronic charge 
density in a material and are frequently observed in the layered transition metal 
dichalcogenides (LTMDs) [1-6]. Through chemical doping or under applied pressure, 
many of these compounds manifest a competition between a CDW ordered state and 
superconductivity [1,6-11], similar to the behavior that is observed in unconventional 
superconductors whose superconductivity resides near the boundary of an ordered 
magnetic state. There are many examples known to demonstrate the close connection 
between superconductivity and magnetic order, such as the iron-based 
superconductors, the heavy Fermion superconductors, and the copper oxide 
superconductors [12-15]. The same is true for the close connection between 
superconductivity and CDW order.  
In this high pressure study, we report an alternative picture for the pressurized 
CDW-bearing compound TaTe2, revealed by complementary measurements of in-situ 
high pressure electrical resistance, ac susceptibility, Hall coefficient, angle dispersive 
X-ray diffraction (XRD) and Transmission Electron Microscopy (TEM). Our data 
show that superconductivity does indeed emerge in normally non-superconducting 
TaTe2 under pressure, but not directly after the suppression of its CDW - rather, an 
intermediate semimetal phase separates the CDW state from the superconducting state 
for a wide range of pressure values. This is an unusual scenario for an LTMDC, and, 
to the best of our knowledge, is the only known example of this type of behavior.    
The single crystals were synthesized by the chemical vapor transport method, 
using iodine as a transport agent [16]. Pressure was generated by a diamond anvil cell 
with two opposing diamond anvils on a Be-Cu supporting plate. For the resistance 
measurement below 7.65 GPa, diamond anvils of 700 μm flats were used and glycerin 
mixed with water was adopted as the pressure transmitting medium to obtain a 
hydrostatic pressure environment. For the higher pressure measurements, diamond 
anvils of 300 μm flats and NaCl powder was employed as the pressure transmitting 
medium to obtain a quasi-hydrostatic pressure environment. Results are reported for 
the sample with dimension of 200μm×200μm×5μm and the sample with dimension of 
60μm×60μm×5μm loaded into the rhenium gasket holes with the diameters of 350 μm 
and 120 µm, respectively. High-pressure electrical resistance and Hall coefficient 
measurements were carried out using a standard four-probe technique and the Van der 
Paw method, respectively [17,18]. High-pressure alternating current (ac) 
susceptibility measurements were conducted using home-made 
primary/secondary-compensated coils around a diamond anvil [17,19]. High-pressure 
angle dispersive X-ray diffraction (XRD) measurements were carried out at beamline 
4W2 at the Beijing Synchrotron Radiation Facility and at beamline 15U at the 
Shanghai Synchrotron Radiation Facility. A monochromatic X-ray beam with a 
wavelength of 0.6199 Å was used and silicon oil was employed as a 
pressure-transmitting medium. The pressure for all measurements was determined by 
ruby fluorescence method [20]. Ambient pressure TEM observations were performed 
on a JEOL 2100F transmission electron microscope equipped with low temperature 
sample holder.   
 We first performed in-situ high pressure resistance measurements for the TaTe2 
sample. Figure 1a shows the temperature dependence of the electrical resistance at 
pressures below 7.65 GPa. It is seen that the resistance of the ambient pressure sample 
exhibits an anomaly at ~170 K, which is associated with the CDW transition [21-23]. 
To better specify this resistance anomaly, we carried out TEM measurements at 
ambient-pressure at 300 K and 100 K respectively. The electron-diffraction patterns 
taken along the [-101] direction of monoclinic TaTe2 at the two different temperatures 
are shown in inset of Fig. 1a. A new set of electron-diffraction reflections, which is 
not present at 300 K, appears in the reciprocal space at 100 K, signaling the formation 
of the CDW order. To trace the evolution of the CDW ordered state with pressure, we 
applied high pressure on a sample of TaTe2 and measured the temperature dependence 
of the resistance in a warming and cooling cycle at different pressures (Fig. 1a and 
Fig.S1, Supplementary Information). A thermal hysteresis in resistivity is observed 
(Fig.S1, Supplementary Information) that are due to the transition into the CDW 
phase [24]. It is seen that the temperature of the CDW, TCDW, decreases with 
increasing pressure and then disappears at about 3 GPa.  
After the CDW is fully suppressed by pressure, unexpectedly, no 
superconductivity emerges. Superconductivity does not occur at pressures near the 
boundary of the suppressed CDW ordered state, and even up to ~21 GPa (Fig.1b). At 
a pressure of about ~21 GPa, however, a resistance drop appears at ~4.4 K (Fig.1b), 
indicative of the presence of a superconducting transition. The onset temperature of 
the resistance drop increases slightly with further compression, reaching a maximum 
(~5.4 K) at ~36 GPa. It then slowly declines on further increasing pressure up to ~50 
GPa, the high pressure limit of our measurements. To further support that the 
resistance drops observed in pressurized TaTe2 are associated with a superconducting 
transition, we performed high-pressure ac susceptibility measurements down to 2.5 K 
in a diamond anvil cell. As shown in Fig. 1c, a remarkable diamagnetism is observed 
at ~ 4 K for TaTe2 pressurized at 31.1 GPa and 44.5 GPa. We also performed 
electrical resistance measurements under different magnetic fields at 36.5 GPa (Fig 
1d). We find that the resistance drop shifts to lower temperature with increasing 
magnetic field and completely vanishes at ~3 T. These results indicate that the 
observed pressure-induced resistance drop originates from a superconducting 
transition. 
High pressure synchrotron XRD measurements up to ~ 40 GPa were performed 
to clarify whether the observed superconductivity in pressurized TaTe2 accompanies a 
crystal structure phase transition. The XRD patterns collected at different pressures 
are displayed in Fig. 2a. It is found that all peaks observed at pressure below 21 GPa 
can be well indexed in TaTe2’s known ambient-pressure (AP) phase, i.e. the 
monoclinic phase in the C2/m space group. However, a new peak appears at ~13 
degrees when pressure is increased to 21.3 GPa, indicative of a pressure-induced 
structural change; its intensity increases as the pressure is increased. Analysis of the 
XRD pattern collected within this high pressure phase at 22.9 GPa reveals that the 
lattice of the compressed sample has been distorted from the ambient-pressure 
monoclinic phase in the C2/m space group to a high-pressure (HP) monoclinic phase 
in the P21/m space group. The pressure dependences of the lattice parameters a, b and 
c, the monoclinic angle β, and the unit cell volume are shown in Fig. 2b-2d, with the 
detailed analysis of the diffraction data obtained at 22.9 GPa shown in Fig.2e. It can 
be seen that the pressure-dependent lattice constants and volumes determined from 
the two independent diffraction measurements at the two different synchrotron x-ray 
sources are in agreement with each other. Although the lattice constants and volume 
in the AP phase and in the distorted-AP phase do not exhibit any discontinuities with 
increasing pressure, the variation of the  angle with pressure displays an anomaly at 
a pressure of 21 GPa (inset of Fig.2c), above which the angle deviates from the 
monotonic decrease observed in the AP phase, displays a small jump, and then 
follows a different pressure dependence in the HP phase. The correlation of the 
crystallographic and electronic characterization data show that the pressure-induced 
change of the  angle plays a vital role in the emergence of superconductivity in 
TaTe2.  
The separation of almost 18 GPa between the disappearance of the CDW ordered 
state and the superconducting state suggests that the CDW ordered state and the 
superconducting phase do not directly compete in TaTe2. To clarify the nature of the 
intermediate state between the CDW order and superconducting states, we performed 
high-pressure Hall resistance and magnetoresistance measurements on the TaTe2 
sample by sweeping the magnetic field perpendicular to the ab plane up to 7 T at 
given temperature (4K and 10 K, respectively) and various pressures. The observed 
pressure dependence of the Hall coefficient (RH) and the MR% (MR is defined as 
[(R(7T)-R(0T)/R(0T)]100%) are illustrated in Fig. 3a and 3b respectively, as well as 
in the Supplementary Information. At ambient pressure, the Hall coefficient (RH) 
displays a positive sign both at 4 K and 10 K, implying that hole-carriers are dominant. 
Meanwhile, the sample subjected to 0.49 GPa presents a positive magnetoresistance 
effect (MR%= 62). Within the pressure range of the CDW ordered state, RH and MR% 
dramatically decrease with increasing pressure, suggesting that the role of electron 
carriers is enhanced by applying pressure. To present a full picture of our observations 
of the high-pressure behaviors in TaTe2, we summarize the pressure dependence of 
TCDW, Tc and the structure information in Fig. 3c.    
 There are a diversity of proposals under discussion for the origin of the CDW 
order in transition metal dichalcogenides. Examples are traditional Fermi surface 
nesting, an excitonic insulator scenario, and indirect Jahn-Teller effect [25-28] - in all 
of these scenarios, electron-electron and electron-phonon interactions are deemed to 
play important roles [29]. Based on our results, we propose that the origin of the 
CDW order in TaTe2 should be related to electron-electron interactions, evidenced by 
our observations of dramatic reductions in RH and MR% (Fig.3a and 3b) on initial 
compression. In the pressure range of 3-21 GPa, the CDW order is completely 
suppressed, and the values of the RH at 4 K and 10 K remain nearly constant. The 
constant Hall coefficient in the pressure range of 3-21 GPa suggests that the sample is 
in a semimetal state [30]. The reason why a semimetal state arises from the 
suppressed CDW state in pressurized TaTe2 is not known, and may be an issue that 
deserves further investigation. Unexpectedly, no superconducting transition is 
observed in the wide pressure range of 3-21 GPa in this apparent semimetal phase, 
which is quite different from the common picture seen in layered transition metal 
dichalcogenides, where the superconductivity emerges in proximity of the CDW 
ordered state [6,8,9,31]. Our results therefore provide the first example of a system 
where a semimetal state separates the CDW ordered state and superconductivity.  
Preliminarily, we consider that the semimetal state may be associated with the 
peculiar positive magnetoresistance state that is observed (Fig.3b). Such behavior is 
reminiscent of what has been seen in the pressurized Weyl semimetal WTe2, which 
displays a large positive magnetoresistance effect at ambient pressure [32]. High 
pressure studies on WTe2 found that as long as the positive magnetoresistance effect 
prevails, no superconductivity is present, i.e. the superconductivity only appears when 
the positive magnetoresistance effect within its ambient pressure phase is completely 
suppressed [18,33]. For pressurized TaTe2, we found that a superconducting transition 
emerges at pressures above ~21 GPa, a pressure where the positive magnetoresistance 
suddenly disappears and a lattice distortion sets in (Fig.3b). The onset 
superconducting temperature Tc varies between 4-6 K in the pressure range of 21-50 
GPa (Fig.3c). Meanwhile, the Hall coefficient shows a drop starting at ~21 GPa 
(Fig.3a). On basis of our high pressure results, we propose that the pressure-induced 
structural distortion at 21 GPa breaks the balance between hole and electron carriers 
in the semimetal and leads to a topology change of the Fermi surface, which in turn 
tips the electronic structure at the Fermi level in favor of superconductivity. The 
pressure-induced superconductivity in WTe2 is associated with a Lifshitz transition at 
which the positive magnetoresistance effect is completely suppressed, while the 
superconductivity in pressurized TaTe2 is driven by a lattice distortion, and this 
distortion terminates the positive magnetoresistance effect simultaneously. The 
differing high pressure behaviors presented by TaTe2 and WTe2 can be attributed to 
the differences in their ambient-pressure crystal structures (TaTe2 crystalizes in a 
monoclinic unit cell while WTe2 in an orthorhombic unit cell) and corresponding 
electronic structures [16, 32,33].  
In summary, we report the observation of pressure-induced superconductivity in 
the CDW-bearing compound TaTe2. The phase diagram determined shows that the 
CDW ordered state and the superconducting state are separated by a semimetal state 
with a considerable range of stability. Our high pressure studies thus reveal two 
important issues, one is that the CDW order in TaTe2 is not directly competing with 
superconductivity, which distinct from the common picture for layered transition 
metal dichalcogenides; and the other is that the superconductivity in TaTe2 is 
associated with a distortive structural phase transition, which is different from what 
occurs in WTe2. These results are expected to shed insight on the underlying 
superconducting mechanisms in the 5d transition metal ditellurides and even in 
unconventional superconductors. 
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 Fig. 1 Electronic Characterization of TaTe2 (a) The normalized resistance as a 
function of temperature at pressures below 7.65 GPa for a single crystal. The inset 
display electron-diffraction patterns taken along the [-101] zone axis direction at 300 
K and 100 K; the superstructure due to the CDW at low temperature is emphasized by 
an arrow. (b) The normalized resistance as a function of temperature in the pressure 
range of 0.96 - 49.5 GPa. (c) The real part of the alternating-current (ac) susceptibility 
(’) as a function of temperature at different pressures. (d) The temperature 
dependence of the normalized resistance under different magnetic fields at 36.5 GPa. 
The arrows denote the onset temperatures of the superconducting transition. 
 
 
Fig. 2 Structural Characterization of TaTe2 (a) The X-ray diffraction patterns 
obtained at different pressures. A new peak, indicated by a star, is observed beginning 
at ~21 GPa, suggesting a structure change starting at this pressure. (b)-(d) The 
pressure dependence of the lattice constants (a,b and c) and unit cell volume (V) 
obtained from two independent measurements at two different synchrotron sources. 
The inset of Fig. 2c displays the pressure dependence of the  angle. (e) The XRD 
pattern of TaTe2 measured at 22.9 GPa together with the indexing results, showing 
that the sample is in monoclinic space group P21/m. 
 Fig. 3 Summary of the experimental observations on TaTe2 (a) The pressure 
dependent Hall coefficient (RH) measured at 4 K and 10 K, respectively. (b) The 
magnetoresistance (MR) as a function of pressure measured at 10 K, here 
MR%=[R(7T)-R(0)]/R(0T)100%. (c) Pressure-Temperature phase diagram combined 
with structural phase information for TaTe2. TCDW represents the onset temperature of 
CDW transition. TC (R) and TC (ac) represent the superconducting transition 
temperatures determined by resistance measurements and ac susceptibility 
measurements, respectively.  
